The reaction mechanism of the solubilized red beet (Beta vulgaris L.) plasma membrane ATPase was studied with a rapid quenching apparatus.
The plasma membrane ATPase has the capability for coupling ATP hydrolysis to proton translocation (20, 25, 30) . In vivo, it is proposed that this enzyme provides the driving force for solute transport at the plasma membrane, in the form of an inwardly directed proton electrochemical gradient (4, 19, 27) . Studies on the mechanism of this important transport enzyme have shown that the overall reaction of ATP hydrolysis proceeds with the formation of a covalent phosphorylated intermediate (6, 9, 24, 31) . From studies on the plasma membrane ATPase from red beet (Beta vulgaris L.) storage tissue, it was shown that this intermediate was composed ofat least two phosphoenzyme forms which differ in their sensitivity to exogenous ADP or KCI (5) .
One phosphoenzyme form, designated EP*,2 was rapidly discharged by the addition of exogenous ADP while the other phosphoenzyme form, designated EP, was unaffected by ADP. ' 1102 South Goodwin Avenue, Urbana, Illinois 61801
While the addition of 50 mM KC1 enhanced the rate of EP breakdown, the effect of KCI on EP* was not investigated. Potassium has been shown to stimulate both ATP hydrolysis (see Leonard [19] and references therein) and phosphoenzyme turnover (5, 7, 9, 24) in plant plasma membrane ATPase preparations. The occurrence of these phosphoenzyme forms and their association with a 100 kD catalytic subunit (7, 9, 24, 31) is similar to what has been observed for other ATPases such as the animal cell Na,K-ATPase (16, 29) and sarcoplasmic reticulum Ca2+-ATPase (15, 29) , which belong to the ElE2 class oftransport enzyme (see Pedersen and Carafoli [21] and Tonomura [29] and references therein).
In our previous studies on the mechanism of the red beet plasma membrane ATPase, the manner in which phosphorylation reactions were carried out seriously limited the kinetic information which we could obtain (see Briskin and Poole [9] for details). The reactions were performed manually at ice temperature, over a time range extending from 3 to 60 s. Under these conditions, the ATP hydrolytic reaction was slowed sufficiently that steady-state phosphoenzyme levels and dephosphorylation kinetics could be examined using [y-32P]-ATP (9) (10) (11) .
However, it was difficult to carry out a large number of determinations and treatments because of limitations associated with the methods used in the processing of samples prior to the determination of protein-associated radioactivity and released 32Pi. Furthermore, it was not possible to carry out a detailed examination ofphosphoenzyme formation in the pre-steady state because, even at ice temperature, this reaction was too rapid to be accurately observed by this approach (9) .
In this communication, a fast reaction technique (rapidquenching) was used to study the catalytic mechanism of the red beet plasma membrane ATPase. This approach allowed a characterization of partial reactions for both phosphoenzyme formation and breakdown in the catalytic cycle of the enzyme. From the results of this study, a reaction scheme is proposed for the enzyme, and rate constants are estimated for several of the proposed reaction steps.
MATERIALS AND METHODS Preparation of the Solubilized Red Beet Plasma Membrane
ATPase. Red beet (Beta vulgaris L., cv Detroit Dark Red) storage roots were purchased commercially. The tops of the plants were removed and the storage tissue was placed in moist vermiculite and maintained at 2 to 4°C until use. All storage tissue used was stored at least 10 d to ensure uniformity in membrane isolation (22) . Plasma membrane enriched fractions were isolated according to Briskin and Poole (8, 11 ) with the minor modifications described in the previous paper (6) . The membranes banding at the 28%/35% (w/w) sucrose gradient interface were recovered using a Pasteur pipet, diluted to 70 mL with suspension buffer, and then centrifuged at 80,000g for 30 min. The final membrane pellet was suspended to a protein concentration of about 8 to 10 mg/mL, frozen under liquid nitrogen, and then stored at -80C until use.
Detergent treatment of the plasma membrane fraction for both the extraction of extraneous protein and subsequent solubilization of the plasma membrane ATPase was carried out as described by Briskin and Poole (1 1) . The supernatant containing the plasma membrane ATPase was decanted and the 200,000g pellet was discarded. The supernatant fraction was used immediately in kinetic assays.
Measurement of Phosphorylation and Dephosphorylation Reactions. Phosphorylation and dephosphorylation reactions were carried out using a rapid mixing apparatus modified from that described by Kanazawa et al. (17) . The syringe push blocks were driven by AC push-type solenoids capable of developing 70 oz of push at 110 v A.C. Timing was controlled by a solid state timing circuit containing N556 TTL dual timing chips connected in the monostable mode. All circuit components were 1 % tolerance grade, and the output from the timing circuit was monitored using a Tektronix storage oscilloscope. The coupling between the timing circuit and the solenoid syringe drivers was mediated through the use of a solid-state optical relay system containing light emitting diodes. This optical coupling ensured complete isolation of logic circuitry from the line current-driven, fluidhandling devices. Temperature control was maintained by a water-jacket and pumped circulator. Complete details on the design and construction of this apparatus are available upon request.
In order to test the apparatus, the alkaline hydrolysis reaction of 2,4-dinitrophenyl acetate was measured at 10°C as described by Barman and Gutfreund (2). The reaction was started by the rapid mixing of 150 uL of 0.6 N NaOH with 150,AL of 1.25 mM 2,4-dinitrophenyl acetate in 3.8 mM HCI. At various times after initiating the reaction (90-1200 ms), the reaction was quenched by mixing with 800 ML of 0.5 N HCI. Subsequently, 0.5 mL of 2 M K-acetate, pH 4.5, and 3 ml of H20 were added to each quenched reaction sample. The absorbance of the 2,4-dinitrophenol released by alkaline hydrolysis was measured at 360 nm. As shown in Figure 1 , when the reaction was carried out with this apparatus, a first-order kinetic profile for 2,4-dinitrophenol production was found. Thus, the instrument can be used in the study of ATPase reactions over this time range (2, 14, 17) .
In the study of ATPase reactions, equal volumes (150 IAI) of enzyme and substrate solutions were mixed and allowed to react (Fig. 2) . The solubilized ATPase was used in kinetic studies because it had a greater activity and higher phosphorylation level than the native enzyme used in previous work (11 (Fig. 2 ). Over this time range, Pi production showed an initial slow phase, which changed into a more rapid, linear rate of production as the phosphoenzyme level reached steady state. In contrast to Pi production, the time course of ADP production showed an initial rapid phase followed by a linear rate. As expected, the rates of Pi and ADP liberation during the steadystate linear phase were equal. The differences in the kinetic 15 min, and 10 L aliquots of the supematant were used for the determination of released ADP and phosphate as described in "Materials and Methods." The TCA pellet was washed an additional four times with 1.0 ml of the quench solution, by repeated centrifugation and suspension, before radioactivity was determined by liquid scintillation spectroscopy.
profiles for ADP and Pi production during the pre-steady-state phase of the reaction indicate the order in which the products are released from the enzyme (see Hiromi [14] and references therein). The lag in the inorganic phosphate production indicates that it was being produced as a result of phosphoenzyme breakdown while the burst in ADP production indicates that this product was being produced with the formation of the phosphoenzyme intermediate. The profiles for ADP and inorganic phosphate production would suggest that ATP hydrolysis occurs by the following minimal reaction path: E + ATP -. E-P + ADP E-P + H20--E + Pi where E and E-P represent ATPase and phosphoenzyme, respectively. In previous studies on the mechanism of the red beet plasma membrane ATPase (5, 9) , it was implied that inorganic phosphate was produced as a result of phosphoenzyme breakdown because ofthe close correspondence between the measured rate of Pi production and the rate predicted by multiplying the level of steady state phosphoenzyme by its rate of turnover ("kinetic competence"). However, in the previous work (5), it was not possible to determine the point in the reaction where ADP was being released.
Role of Magnesium in the Formation of Phosphoenzyme. In previous studies (10), it was observed that an addition of excess EDTA to steady-state phosphoenzyme of the red beet ATPase (formed with Mg:AT32P) caused dephosphorylation similar to that observed by adding excess unlabeled ATP. From this observation, it was proposed that Mg2+ was required for the formation of phosphoenzyme but not for its subsequent turnover. Using the rapid quench apparatus, the role of Mg2+ in phosphoenzyme formation was directly examined for the solubilized red beet ATPase (Fig. 3) phoenzyme was maximal at pH 6.0 while the rate of phosphoenzyme turnover was increased as the pH was increased from pH 5.5 to 8.5 (5) . Using transient state kinetic methods, the effect of pH on the formation of phosphoenzyme in the solubilized ATPase was examined (Fig. 4) 6 and 7. Since this is in the range of the pKa of the imidazole side chain of histidine, these data could imply that such a group may have a role in controlling the rate of phosphoenzyme formation (see Tipton and Dixon [28] and references therein). Figure 4 and were plotted as a function of pH.
Dephosphorylation of the Phosphorylated Intermediate. In order to observe the dephosphorylation reactions of the red beet plasma membrane ATPase, the enzyme was phosphorylated to a steady-state level (3 s) in the presence of 100 AM Mg:[y-32P] ATP at pH 6.5, and then a 100-fold excess of unlabeled ATP (with or without additional reagents) was rapidly mixed with the enzyme. Following addition of unlabeled ATP, the reactions were stopped at various times by the rapid addition of the TCA quenching reagent. This experimental approach allowed an examination of the effects of different reaction ligands on the dephosphorylation steps as well as an analysis of the interconversion of phosphoenzyme forms.
As shown in Figure 6 , when this type of "pulse/chase" experiment was carried out in the absence of KCI, a single-exponential decline (k = 3.06 s-') of the phosphorylated intermediate was observed. When 15 mm unlabeled ADP was included with the unlabeled ATP chase, the time course for dephosphorylation became biphasic, containing an initial rapid phase (k = 9.19 sr') followed by a slower phase (k = 3.11 s'), which occurred at a rate similar to the dephosphorylation observed in the absence of ADP. Based upon previous studies on the mechanism of the red beet plasma membrane ATPase (5), it was suggested that the phosphorylated intermediate was actually present in two forms which could be distinguished by differences in sensitivity to the addition of exogenous ADP. One form (designated EP*) was discharged by the addition of ADP while the other form (designated EP) was insensitive to ADP. The presence of these two phosphoryl enzyme forms in the catalytic cycle is a common feature of those ATPases which belong to the E1E2 class of enzyme (see Pedersen and Carafoli [21 ] and Tonomura [29] and references therein). Therefore, this rapid phase of phosphoenzyme decline that was produced by including ADP with the unlabeled ATP chase most likely reflects a rapid, selective discharge of EP*. The extent of this discharge was dependent upon the concentration of ADP present in the unlabeled ATP chase, 6 .5) with 60 mM ADP (Tris salt, pH 6.5, when present). This time for the second addition is taken as zero time. At increasing times following the initiation of dephosphorylation, the reaction was stopped by the addition of 700 MiL of 17% TCA, 40 mM NaH2PO4, 5 mM Na4P207, 1 mM Na2ATP, and the amount ofphosphorylated protein was determined as described in "Materials and Methods." The rate constants for the decline of phosphorylated protein were determined as -2.303 (slope). For the rapid phase of phosphoenzyme decay with the addition of ATP and ADP, this calculation involved a replot of the difference between data points for this phase and an extrapolation of the slower phase. and no further increases were observed when the ADP concentration was 15 mM or greater (data not shown). Therefore, the data presented in Figure 6 represent a profile for the maximal discharge of EP*. According to the mathematical analysis described below, extrapolation of the slow linear phase of phosphoenzyme breakdown to zero time (under conditions where EP* is fully discharged) should give an estimate of the percentage of total EP. Under the conditions of this assay (100 ,M Mg:ATP, pH 6.5, 10°C), the total phosphorylated intermediate is composed of about 65% EP* and about 35% EP.
A characteristic property of the plasma membrane ATPase from red beet (8) and other plant species (see Leonard [19] and references therein) is the stimulation of activity by K+. Initial studies on the role of K+ in the mechanism of the plant plasma membrane ATPase have suggested that K+ stimulation of ATPase activity most likely occurs through an increase in the rate of phosphoenzyme turnover (7, 9, 24) . However, these studies only examined the effects of K+ on the phosphoenzyme intermediate(s) formed in the absence of K+, by carrying out a pulse-chase type experiment and including KCI in the unlabeled ATP chase. In order to examine the overall effects of K+ on phosphoenzyme turnover and the relative levels ofthe two phosphoenzyme forms, a pulse-chase experiment was performed where the red beet ATPase was initially phosphorylated to a steady-state level in the presence of 100 ,M Mg:ATP[Y-32P] and 50 mM KCI at pH 6.5.
When dephosphorylation was examined by the addition ofexcess unlabeled ATP (with 50 mm KCl), the phosphorylated intermediate showed a single-exponential decline (k = 4.58 s-') which is about 1.5-fold faster than dephosphorylation in the absence of KC1 (Fig. 7) . This would be consistent with previous observations that K' appears to increase the rate of phosphoenzyme turnover. While the inclusion of 15 Phosphoenzyme Form. While the above experiments and a previous study (5) indicated that the addition of ADP caused the rapid discharge of a portion of the total phosphoenzyme, the nature of this effect was uncertain. The addition of ADP could accelerate a direct breakdown of EP* to release inorganic phosphate or be involved in ATP resynthesis by accepting enzymebound phosphate. In order to test this latter possibility, experiments were carried out as above except that the enzyme was phosphorylated to steady-state with unlabeled Mg:ATP, and the unlabeled ATP chase contained [y-'4C]ADP. The reactions were quenched at increasing times after the excess ATP/[14C]ADP addition and following centrifugation, aliquots ofthe supernatant were subjected to thin layer chromatography to allow separation ofADP and ATP. The spots that comigrated with authentic ATP were cut from the TLC plate and counted by liquid scintillation spectroscopy.
For phosphorylation reactions carried out either in the absence or presence of 50 mm KC1, it was possible to detect rapid ATP production following the ATP['4C]ADP addition (Fig. 8) . For both reactions, maximal ATP production occurred within about 150 ms. While these results can only be considered as representing a qualitative estimate of ATP resynthesis, due to uncertainities associated with rehydrolysis and recovery, the relative amounts of '4C-label recovered as ATP qualitatively correlate with the relative levels of EP* present under the conditions of each reaction. This result would suggest that the discharge of EP* involves ATP resynthesis by the transfer of enzyme-bound phosphate to the added exogenous ADP.
Mathematical Analysis for Dephosphorylation Kinetics and the Estimation of Rate Constants. For the analysis of the dephosphorylation reactions and the estimation of kinetic rate constants, the mathematical approach described by Klodos et al. (18) and Helmich-de Jong et al. (13) MgSO4 , 60 mm (50 mCi/mmol), and the reaction was quenched at the indicated time by wed to reach steady-the addition of 700 uL of 17% TCA containing 40 mM NaH2PO4, was examined in the Na4P20, and 1 mm Na2ATP. Following centrifugation in a microfuge, )ed for Figure 6 . The 10 ,L aliquots of the supematant were subjected to TLC as described in tein were determined "Materials and Methods" to determine the amount of radioactive label recovered as ATP. For this kinetic relationship the relative amounts of the two phosphoenzyme forms can be described by the equations:
(1) (2) If this relationship is considered as a two-compartment model without input to EP* (i.e. the 32P-labeled ATP substrate is effectively diluted out by the unlabeled ATP chase), it can be shown that the biphasic decline of phosphoenzyme that occurs during dephosphorylation in the presence of excess ATP and ADP can be described as the sum of two exponentials:
[EP]tow t = [EP*] + [EP] = Ae'a + Be-t (3) where the slow phase of phosphoenzyme decline is defined by A and a and the fast phase of phosphoenzyme decline is defined by B and (3. These four parameters (A, B, a, ,3) can be defined in terms of the kinetic rate constants and relative concentrations of the two phosphoenzyme forms (see "Appendix"). Since these two phases of phosphoenzyme decline occur with sufficient difference in rate to allow a graphic separation (a <p3), A can be determined by extrapolation of the slow phase of phosphoenzyme decline to zero time. With the data for dephosphorylation being plotted in terms of the log % EP remaining versus time (Figs. 6 and 7), this value forA gives an estimate ofthe percentage ofthe total phosphoenzyme present as EP under these conditions (see "Appendix"). From this value, the percentage of phosphorylated enzyme present as EP* can also be calculated (i.e. 100 -% EP). It should also be noted that since EP represents the only phosphoenzyme form that has both "input" and "output" [EP]total,t = Ae-t (5) where A would represent the total phosphoenzyme present at zero time and a would equal k3. However, when dephosphorylation is carried out in the presence of excess ADP so that EP* is fully discharged, k_, is maximal and greater than k2, k-2, and k3 so that under these conditions, a = k3 + k2 (see Refs. 13 and 18 for detailed discussion).
Using the above methods of analysis, rate constants and phosphoenzyme levels were estimated from the kinetics of dephosphorylation carried out in the absence or presence of 50 mM KCI (Table I ). Due to uncertainties about the magnitude of direct EP* breakdown to release inorganic phosphate, no attempt was made to determine k-1. In the absence of KCI, about 65% of the total phosphoenzyme intermediate is present as the EP* form. Since k_2 is small relative to k2, this would imply that during steady-state turnover in the absence of KCI phosphoenzyme formation from ATP is substantial compared to k2 and k-1. The inclusion of 50 mm KCI not only increased the rate of phosphoenzyme breakdown (k3), as previously described (7, 9) GENERAL DISCUSSION A characteristic feature of the plasma membrane ATPase of higher plant cells is the formation of a phosphoenzyme intermediate during the course of ATP hydrolysis (4, 5, 7, 9, 24, 31) . In this communication, a transient state kinetic study of the formation (phosphorylation) and breakdown (dephosphorylation) of the phosphoenzyme was carried out for the red beet plasma membrane ATPase using a rapid quenching apparatus. This kinetic technique has proven useful in the previous characterization of the reaction mechanism of animal cell Na, KATPase (see Kanazawa et al. [17] and Tonomura [29] and references therein), the sarcoplasmic reticulum Ca2+-ATPase (see Tonomura [29] and references therein), and the gastric mucosal H,K-ATPase (26, 32) . The results of this study confirmed several aspects ofthe mechanism ofthe ATPase (presence ofphosphoenzyme intermediate, binding of free ATP, presence of EP* and EP phosphoenzyme forms) suggested from previous studies on the enzyme using different experimental approaches (5, 9, 10) . The enhancement of phosphoenzyme formation at lower pH values together with the previous observation that phosphoenzyme breakdown is accelerated at high pH values (5) suggests that the pH optimum of 7.0 observed for ATP hydrolysis in the absence of KCI represents a compromise between pH effects on these two processes. Enhancement of phosphoenzyme formation at low pH could also imply that a protonation event may determine this process. When the rate constant for phosphoenzyme formation was plotted as a function of pH, a profile was produced suggesting the role of a histidyl moiety in this process. This amino acid could either have some role in ATP (or Mg:ATP) binding to the enzyme or be involved in protonation reactions relevant to ATPase-mediated proton translocation across the membrane.
The data obtained from this study allow a further definition of the mechanism of the red beet plasma membrane ATPase at the level of partial reactions which constitute the overall process of ATP hydrolysis. A minimal catalytic cycle for the plasma membrane ATPase incorporating these partial reactions is presented in Figure 9 . Kinetic rate constants have been calculated for several ofthe steps in this proposed kinetic mechanism (Table  I) . Within this scheme, it should be noted that the pathway from the free enzyme (E) to EP* via E(ATP) most likely occurs only in these types of in vitro kinetic studies because the true physiological substrate for the enzyme is the Mg:ATP complex (1, 19) . Proposed reaction mechanism for the red beet plasma membrane ATPase based upon the observations in this study. The rate constants determined in this study (see Table I ) and the effects that K+ exerts on the reaction steps and intermediates are indicated on the figure. See text for discussion.
outlines the possible transitions for the EP* and EP phosphoenzyme reaction states assuming that the production of labeled EP* is prevented (100-fold dilution of the AT32P label) and minimal phosphorylation ofthe enzyme occurs from inorganic phosphate (DP Briskin, unpublished results (5, 9, 10) , this effect appears to be relatively minor when compared to the effect of this cation on the displacement of the two phosphoenzyme forms. These multiple effects of K+ within the mechanism of the ATPase may have some bearing on the complex nature of the kinetic profile observed for K+-stimulation ofATP hydrolysis (see Leonard [19] and references therein). Based upon the preliminary observation that K+ stimulated the rate of phosphoenzyme turnover for the plant ATPases and that this effect was similar to that observed for other ATPases (i.e. Na,K-ATPase; gastric H,K;ATPase) that transport this cation directly (23, 29) , it was suggested that the plant ATPase might mediate direct K+ transport (see Briskin [4] and references therein). Clearly, this proposal needs to be reevaluated in terms of the current kinetic observations on the mechanism of the enzyme. Due to the importance of K+ in the physiology of plant cells (see Leonard [19] and references therein), there is currently a great need to determine whether the plasma membrane ATPase has the capacity to directly transport (Equation A14) shows that as k.-increases, A decreases, and that dA/dk-l approaches 0 as k_-approaches mo. Thus, the decrease in A with increasing k-1 (i.e. increasing exogenous ADP) will reach a plateau, and, at this level, extrapolation of the slow phase of phosphoenzyme decline to zero time will yield a value which approximates the relative level of the EP phosphoenzyme form.
